Genetic programmes instruct the initial development of all organisms. Innate genetic 85 programming also regulates the maturation of the eye and the visual system. However, light 86 stimulation of maturing visual circuits also plays an important role in refining patterns of neural 87 connectivity and establishing various types of functionality (Breedlove, 2017) . Most previous 88 studies have concentrated on the visually mediated refinement of visual centres at ages after 89 rods and cones in the retina begin responding to light to generate visual signals. However, a 90 unique class of intrinsically photosensitive melanopsin-expressing retinal ganglion cells 91 (mRGCs) that can generate visual signals in the absence of input from rods and cones has 92 been found in adult mammalian eyes (Berson et al., 2002; Do and Yau, 2010) . In the eyes of 93 foetal mice, markers of melanopsin expression can be observed 9 days before birth and 19 94 days before the emergence of visual signalling from rods and cones. In human eyes, markers of 95 melanopsin expression appear at 8.5 weeks post-conception (31 weeks before birth) (Tarttelin 96 et al., 2003) . The presence of genetic and immunohistological markers for melanopsin raises 97 the possibility that these mRGCs are intrinsically photosensitive and that light-mediated 98 signalling may occur in embryonic eyes. Thus, ambient light from the pregnant mother's 99 environment that penetrates to the eyes of foetuses might have the ability to control some 100 aspects of foetal development. Indeed, mouse foetuses that are light-deprived during the final 101 family (Chew et al., 2014; Graham et al., 2008; Hughes et al., 2015) . Some studies have 118 suggested that melanopsin phototransduction is predominantly mediated by Gnaq/11 coupling 119 (Hughes et al., 2015; Panda et al., 2005; Qiu et al., 2005) . However, other reports concluded 120 that melanopsin functions independently of Gnaq and Gna11 (Chew et al., 2014) . In addition, in 121 expression systems, melanopsin can be coupled to G i/o (Bailes and Lucas, 2013) and to G t 122 (Newman et al. 2003) . Although the identification of melanopsin-G-protein coupling in postnatal 123 mice is somewhat controversial, a very recent study demonstrated that melanopsin-Gnaq 124 coupling is necessary and sufficient to trigger normal vascular development in the eyes of foetal 125 mice (Vemaraju et al. 2019 ). Direct measurement of light activity in mRGCs and 126 pharmacological intervention testing whether G q/11 mediates the light responses of individual 127 mRGCs in foetal retinas and not merely ocular vascular development remains to be done. 128
We report here, using genetically encoded calcium indicator proteins expressed in 129 2003), these results also raise the very interesting possibility that light sensitivity may be 136 conserved in the human foetus and that it may endow the foetal eye with previously 137 unrecognized photosensitivity. The experiments were performed on mice of either sex with an age ranging from embryonic day 149 15.5 (E15.5) to postnatal day 2 (P2). The mice were housed on a 12-h light-dark cycle with 150 lights on at 7 AM and off at 7 PM. The following mouse strains were used to breed the 151 experimental animals in this study: Opn4 cre knock-in mice with Cre recombinase under the 152 control of the endogenous melanopsin promoter (Ecker et al., 2010) ; Opn4 GFP transgenic mice 153 with the green fluorescent protein gene driven by the melanopsin promoter (Schmidt et al., 154 2008) ; Ai14 strain mice with the floxed tdTomato gene in the rosa26 locus (Madisen et al., 155 2010) ; C57Bl/6J wild-type mice (Jackson Laboratory, Sacramento, CA); melanopsin knockout 156 mice (Panda et al., 2003) ; and finally Ai38(B6.Cg-Gt(ROSA)26Sor tm38(CAG-GCaMP3)Hze /J) and AI96 157 (B6;129S6-Gt(ROSA)26Sor tm96(CAG-GCaMP6s)Hze /J) strains with the floxed GCaMP3 and GCaMP6 158 genes, respectively, which encode two different calcium sensors, in the rosa26 locus (Jackson 159 Laboratory, Sacramento, CA; Zariwala et al., 2012) . Genotyping of Opn4 Cre (Ecker et al., 2010) , 160
Opn4 - (Panda et al., 2002) , Ai14 (Madisen et al., 2010) and Ai38 (Zariwala et al., 2012) mice 161 was performed as described in the referenced articles. 162 163
Tissue preparation 164
Pregnant females used in the calcium measurements were sacrificed by CO 2 inhalation followed 165 by cervical dislocation. For the electrophysiological experiments, pregnant females were 166 sacrificed by cervical dislocation. Following laparotomy, the uterine horns were removed and 167 transferred to cold ACSF (119 mM NaCl, 24 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 2.5 mM KCl, 2.5 168 mM CaCl 2 , 1.5 mM MgSO 4 , 10 mM glucose, 2 mM Na pyruvate, and 2 mM Na lactate) that had 169 been previously bubbled with carbogen (95%O 2 /5% CO 2 ). The foetuses were dissected free of 170 their extra-embryonic membranes and decapitated, and the eyes were removed and placed in 171 carbogen-bubbled ACSF. For calcium imaging, the retina was freed from each eye under a 172 dissecting microscope, cut radially and teased, photoreceptor side down, onto a small piece of 173 plastic film; it was then flattened with a brush consisting of a single cat whisker while the plastic 174 film was dragged out of the solution on a microscope slide "boat ramp". The plastic film was 175 lowered upside down onto a polylysine-coated (0.1 mg/mL) glass coverslip (Number 1, round, 176 12-mm diameter), and the plastic film was floated off the coverslip using a drop of ACSF. These 177 steps were performed under ambient room light at room temperature (RT). The coverslips were 178 kept in carbogen-bubbled ACSF (RT) in darkness until they were mounted in the recording 179 chamber. For each experiment, a coverslip was placed in the recording chamber (Warner 180 Instruments, Hamden, CT) and perfused with carbogen-bubbled ACSF at ~35°C flowing at 0.4 181 to 0.8 mL per minute. For patch-clamping, retinas were dissected and kept in carbogen-bubbled 182 ACSF. Immediately before each experiment, a radially cut retina was teased ganglion cell side 183 down onto a plastic film using a single cat whisker brush, dragged up the "boat" ramp, and 184 lowered photoreceptor side down onto a coated coverslip. After floating off the plastic film, the 185 coverslip was mounted in the preparation chamber. 186 187
Patch clamping 188
The perfused recording chamber was mounted on the stage of an upright Zeiss Axioskop FS 189 microscope equipped with infrared DIC optics and epifluorescence (470/40 excitation filter and 190 525/50 emission filter). An additional optical channel transmitted excitation from a high-wattage 191 480 nm LED (Sutter Instruments, Novato, CA). A factory-calibrated radiometer (Model S370, 192 UDT Instruments, San Diego, CA) was used to measure the incident irradiance at the retina. 193
Recordings were performed in ACSF heated to ~34°C using 3 stages of heating (a lab-designed 194 warming blanket near the supply reservoirs followed by a feedback-controlled inline heater and 195 a coverslip preparation chamber with a heated bottom (Cell MicroControls, Norfolk, VA) with 196 flow at approximately 1 mL/s. Patch clamp recordings were performed using an EPC-10 197 amplifier controlled by "PatchMaster" software (Heka Instruments, Hollister, MA). Glass pipettes 198 were formed from Sutter glass (BF150-110) on a Sutter P-97 electrode puller (Sutter 199 Instruments, Novato, CA). The pipettes were filled with 1 of 3 different patch pipette solutions. 200
The standard solution contained (in mM) 120 K gluconate, 5 NaCl, 4 KCl, 2 EGTA, 10 HEPES, 201 0.3 NaGTP, 4 MgATP, 7 phosphocreatine, and Tris-KOH (pH 7.3) and had an impedance of 4-6 202
MOhm. The Alexa pipette solution contained (in mM) 116 K gluconate, 2 EGTA, 10 HEPES, 0.3 203 recorded continuously. The summed responses from all pixels within each separate ROI were 238 also viewed in real time and recorded to disc. Photobleaching of GCaMP3 was shown to be 239 minimal based on the very small decrease in fluorescence in GCaMP-expressing cells lacking 240 photopigment. Photoresponses could be repeatedly and reproducibly measured for periods of 241 up to 60 min. 242 243
Calbryte-590 indicator dye 244
Exogenous calcium dye loading. We used Calbryte-590™ AM dye (573 nm Ex/ 588 nm Em; 245 AAT Bioquest, Sunnyvale CA) to monitor intracellular calcium. This dye localizes to the 246 cytoplasm and is 10-fold brighter than Rhod-2 AM (Zhao et al. 2019) . A 5 mM stock solution of 247 the dye in anhydrous DMSO was prepared just prior to use and diluted to a working solution of 248 20 µM by adding stock Calbryte-590™ AM solution to carbogen-bubbled ACSF containing 249 Pluronic F-127 (0.04% f.c.). Isolated retinas were incubated in the ACSF/Calbryte-590™ 250 solution for 2 hours in the dark with continuous carbogen circulation; they were then rinsed with 251 fresh ACSF, mounted ganglion cell side down on a polylysine-coated (0.1 mg/mL) glass 252 coverslip and placed in a heated (37°C) perfusion chamber. Calcium imaging was performed on 253 the same optical rig used for the GCaMP experiments. 254
Immunohistochemical labelling 255
For GCaMP3/melanopsin immunohistochemistry, the eye was removed, the cornea was 256 perforated with a razor blade, and the entire eye was immediately immersed in 4% (w/v) 257 paraformaldehyde (PFA) in PBS. In some experiments, the anterior part of the eye, including 258 the cornea and lens, was first carefully removed before immersing the entire posterior eyecup in 259 fixative. The eye was fixed in PFA in 0.1 M PBS for 30-90 min at RT. The eye was then stored 260 overnight in 25% sucrose, 0.01% sodium azide in 0.1 M PBS at 4°C. The following day, the 261 eyes were embedded in OCT and frozen on dry ice. Twenty-micron sections of the retina were 262 cut perpendicular to the vitreal surface with a cryostat, mounted on Super-Frost Plus slides 263 (Fisher Scientific, Pittsburgh, PA), and stored frozen at −20°C until immunostaining. ToPro3 264 (Life Technologies, Waltham, MA, Cat. # T3605) staining was used to mark nuclei. UF008 265
(1:500, Advanced Targeting Systems, San Diego, CA) and goat anti-GFP (1:500, Novus 266 Biologicals, Littleton, CO) were used to label melanopsin and GCaMP3/GCaMP6, respectively. Figure 1A  288 shows an example of a Calbright-590™-loaded 340 μ m x 430-μm region cropped from the full 289 image (650 nm x 650 nm). This retina was harvested from an E17.5 mouse pup. The image was 290 captured from the video recording at the onset of the light stimulus. Figure 1B shows an image 291 of the same retina captured 2.5 s after stimulus onset. Figure 1C , which is a difference image 292 centred approximately 2 s after the onset of the light. In total, we recorded Calbryte-590™ 296 images in 2 to 3 animals taken from 3 different litters at age E17.5 and 2 litters at E18.5. We 297 commonly detected more than 100 light-dependent calcium responses in each 430 m x 340 298 m region of the retina. Analysis of 4 of the brighter cells is shown in Figure 1 . 299 Non-OPN4 opsins such as encephalopsin (OPN3) and neuropsin (OPN5) are expressed 300 in the retina. Cells that express these opsins might also exhibit light-evoked Calbyte-590 TM 301 signals (Buhr et al., 2015, Kumbalasiri and . In mouse eyes, markers for 302 neuropsin and encephalopsin appear after 10.5 days of gestation (Tarttellin et al. 2003) . We 303 tested foetal retinas from melanopsin knockout mice (Opn4 cre homozygotes) and never 304 observed a light-evoked increase in Calbright-590 TM fluorescence in these retinas. These 305 findings support the interpretation that the light-evoked calcium increases we observed in foetal 306 retinas were evoked in OPN4 cells and that no detectable calcium elevations were observed in 307 OPN3-or OPN5-expressing cells. It is noteworthy that light stimulation of OPN5 cells has been 308 shown to modulate ocular dopamine levels in early postnatal mice (Nyugen et al. 2019). 309
In summary, the data presented here provide strong evidence that a subpopulation of We first asked whether the genetically encoded calcium indicator GCaMP3 is selectively 326 expressed in mRGCs of mouse retina. We utilized the Ai38 mouse strain in which GCaMP3 is 327 conditionally expressed. In the progeny of Opn4 cre/+ ::Ai38 mice, an allele that encodes the 328 EGFP-based Ca 2+ reporter GCaMP3 is transcribed in cells that express Cre recombinase 329 (Zariwala et al. 2014 ). Because the Opn4 gene is expressed relatively early in gestation, we 330 reasoned that we could expect to observe conditional GCaMP3 expression well before birth and 331 that it would be possible to detect light-evoked calcium signals that were restricted to 332 melanopsin-expressing cells. Figure 2 A-C shows flat-mounted retinas in which melanopsin 333 immunofluorescence co-localizes with EGFP immunoreactivity. This confirms that GCaMP3 is 334 expressed in mRGCs. Of note, we also observed a population of GCaMP3-positive cells that 335 showed little, if any, melanopsin immunoreactivity. The melanopsin-immunoreactive cells we did 336 observe are likely to be predominantly mRGCs of the M1 subtype, which express high levels of 337 melanopsin (Ecker et al. 2010 ). The other GCaMP3-EGFP-labelled cells may correspond to 338 other mRGC subtypes that express melanopsin Cre but are known to express lower levels of 339 melanopsin. In radial cryosections, an EGFP signal was evident in the inner plexiform layer and 340 was strong in neurons with RGC morphology (Fig. 2D ). These anatomical findings demonstrate 341 that GCaMP3 is indeed localized to mRGCs. It should be noted that the images shown in Figure  342 1A-D were obtained from postnatal mice. Although CGaMP3 was well expressed in embryonic 343 retinas, melanopsin antibody staining of prenatal retinas was problematic. Therefore, based on 344 the co-localization of antibody staining, it cannot be persuasively argued that the GCaMP3 cells 345 in the foetal retinas co-expressed functional melanopsin protein. However, given that we were 346 able to record light-evoked calcium increases in most of the embryonic GCaMP3-positive cells 347 of the inner retina, there is little doubt that melanopsin protein was expressed in these foetal 348
RGCs. The light sensitivity of mRGC-GCaMP3 embryonic neurons in retinae was next 349 also measured and plotted a cumulative histogram of peak response amplitudes (Fig. 2H ). The 362 responses of the individual cells ( Fig. 2G) were taken from the 20 th , 40 th , 60 th and 80 th percentile 363 groups ( Fig. 2H ). We discerned no correlation between peak amplitude and time course and no 364 obvious partitioning of responses, suggesting that the temporal differences noted in different 365 mRGC subtypes in postnatal mice are not evident at this age (Tu et al., 2005) . 366
In total, we examined 1 to 4 littermates from 12 different embryonic litters. In 367
Opn4 cre/+ ::Ai38 foetal pups, we found light-responsive cells in 6 of 6 litters. In Opn4 cre/+ : : Opn4 cre/cre ::Ai38 pups. The mRGCs in these pups express GCaMP3 but not melanopsin. We 379 found no light-responsive cells in these foetal pups ( Fig. 2G , inset). The experiments with 380 knockout retinas also serve to rule out the possibility that the light-evoked increase in GCaMP3 381 fluorescence in melanopsin-expressing cells is an artefact unrelated to melanopsin-mediated 382 calcium influx. Additionally, the recordings in knockout cells reveal that bleaching of GCaMP3 is 383 minimal under our experimental conditions. Specifically, the fluorescence amplitude 10 seconds 384 after light onset was 94 ± 3% of the initial amplitude ( Fig. 2G , inset). 385
In summary, these results convincingly demonstrate that mRGCs in foetal mouse retinas are 386 responsive to light. In addition, the Calbryte590 TM measurements in OPN4 knockout mice 387 suggest that any photo-responses generated by other opsins, such as OPN3 and OPN5, were 388 below the limit of detection. rule out the possibility that the inhibitors merely killed the mRGCs, we applied high potassium 427
(50 mM) at the end of the inhibitor infusion. Figure 3D shows an example in which potassium 428 substitution was able to induce a dF/F larger than that originally induced by light. 429 According to the Wilcoxon Signed Rank Sum Test for paired data, the two-tailed P = 2.01948e -28 435 for YM and was even smaller for FR. 436
The use of two independent Gnaq/11/14 inhibitors diminishes the possibility that off-437 target effects of either FR900359 or YM-254890 are responsible for the observed suppression 438 of light responsiveness. These results implicate G q/11 signalling in the generation of light 439 responses in embryonic mRGCs. One caveat is that the averaged data shown in Figure 3 activation of TTX-sensitive sodium action potentials and then to activation of L-type calcium 488 channels, which, in turn, increases calcium ion influx. We sought to determine whether TTX-489 sensitive sodium and L-type calcium currents support light responses in embryonic mRGCs. 490
The likelihood of finding a role for TTX-sensitive currents in embryonic mRGC responses is 491 enhanced by previous work demonstrating that a majority (78%) of randomly selected RGCs in 492 E15 mouse retinas expressed TTX-sensitive sodium currents (Rorig and Grantyn, 1994). 493
We found that TTX (1 µM) reversibly diminished the average light response amplitudes 494 of virtually all the foetal GCaMP6-expressing mRGCs we tested. Figure 5 Cacna1b, in the eyes of E15.5 mouse pups has been reported (Allen Brain Atlas, Cacna1a -RP 525 090930_03_A09 -sagittal; Cacna1b -RP_090707_03_G11 -sagittal). We tested 526 pharmacologically for evidence that L-type calcium channels contribute to the light responses of 527 GCaMP3-expressing mRGCs. In one set of experiments, we found that L-cis-diltiazem, a 528 blocker of L-type calcium channels (Catterall et al., 2005) , significantly diminished light 529 responses in embryonic retinas (n=3). Figure 6 
Voltage-activated sodium currents exist ubiquitously in mRGCs from at least E16.5 571
Having found that the INa (V) antagonist TTX reduces and sometimes completely 572 abolishes light responses in embryonic mRGCs, we sought to characterize these sodium 573 currents electrophysiologically. Using patch pipettes, we recorded from mRGCs genetically 574 marked with either GCaMP6, tdTomato or EGFP derived from Opn4 cre ::Ai96, Opn4 cre ::Ai14, or 575
Opn4 EGFP mouse strains, respectively. Patch pipettes were directed towards the fluorescently 576 marked cells in isolated flat-mounted retinas. In the GCaMP-labelled retinas (Opn4 cre ::Ai96), we 577 recorded from only those RGCs that displayed light-evoked calcium responses as reported by 578
GCaMP6. An example of a voltage clamp recording from an mRGC in E18.5 retina is shown in 579 Our previous work demonstrated that the ambient light in the mouse housing room was 611 bright enough to trigger subsequent vascular development via stimulation of melanopsin in the 612 eyes of foetal pups ). Specifically, normal regression of the hyaloid blood 613 vessels was retarded in foetal pups lacking expression of melanopsin (OPN4 -/-) and in WT pups 614 whose mothers were dark-reared from 16.5 days post-conception to the time of the pups' birth. 615
The effects of ambient light were not transmitted from the pregnant female to the pups but were 616 a direct effect of ambient light on the foetal pups themselves. This was shown by the fact that 617 environmental light still contributed to normal ocular vessel development when the pregnant 618 female was enucleated or when melanopsin was selectively deleted in the pregnant mothers but 619 not in the foetal pups. Thus, the light that struck the foetal eyes resulted from ambient light 620 transmission through the abdominal walls of the dams. Direct measurements of the attenuation 621 of the intensity of blue light across the dams' skin and muscle layers support the notion that if 622 mRGCs in embryonic retinas are as sensitive to light as mRGCs in postnatal retinas, the 623 embryonic mRGCs could easily be activated by low-intensity environmental light at floor level in 624 the mouse housing room (5.6 x 10 13 photons/cm 2 /s, Rao et al. 2013 ). However, the actual 625 photosensitivity of embryonic mRGCs is unknown. In the GCaMP experiments described above 626 (Figs 2-7), we were not able to measure mRGC sensitivity because the minimum stimulus 627 intensity needed to interrogate GCaMPs strongly activated melanopsin as well. To circumvent 628 this experimental obstacle, we turned to a non-optical, electrophysiological approach using 629 patch pipette recordings from individual mRGCs. 630
We recorded light-evoked responses from fluorescently marked mRGCs in foetal retina 631 preparations. We found a total of 15 mRGCs that exhibited detectable light responses. Figure 9  632 shows light responses recorded from an mRGC in the retina of an E18.5 pup. Action potentials 633 were observed at an irradiance of 2.9 x 10 12 photons/cm 2 /s (Fig. 9D4 ). The onset of spiking 634 displayed a latency of 21 s. The responses to steps of light at higher irradiances (5.8 x 10 14 , 1.5 635
x 10 14 and 1.35 x 10 13 photons/cm 2 /s) are plotted in Fig. 9D1, D2 , and D3, respectively. Similar 636 to the mRGC responses recorded in neonatal and adult retinas, the response latencies 637 decreased as the irradiance increased (Tu et al. 2005 , Wong KW, 2012 . In our sample of cells, 638 one mRGC had a threshold of 1.6 x 10 12 photons/cm 2 /s. Seven of the 15 mRGCs had 639 thresholds between 6.2 x 10 12 and 3.5 x 10 13 photons/cm 2 /s, and six of the 15 light responders 640 had thresholds between 1.5 x 10 14 and 2.4 x 10 14 photons/cm 2 /s. It should be noted that all of 641 the GCaMP6-expressing mRGCs recorded electrophysiologically were initially identified by their 642 responsiveness to light at 3.10 17 -3.10 19 photons/cm 2 /s (Fig. 9A,B) . 643 A population of low-amplitude spikes during light onset and occasional depolarizing 644 "bumps" with a duration of approximately 1-2 s are evident in these recordings. We interpret the 645 smaller spikes as spikelets conducted from neighbouring mRGCs as described by Arroyo et al. 646 (2016) . The bumps, which occur with a frequency of approximately 1/min, probably reflect the 647 occurrence of spontaneous waves (Meister et al. (1990) fields, the light responses recovered to more than 80% of their pre-drug levels in only a minority 688 of the mRGCs. This apparent lack of reversibility is likely due to not having waited long enough 689 after initiating washout (> 20 min). It should also be noted that in OPN4cre::Ai96 mice we could 690 only interrogate responses in mRGCs. Therefore, we were unable to use this method to rule out 691 gap junction coupling to other non-melanopsin-expressing neurons. Additionally, a caveat 692 associated with relying on MFA to identify gap junction coupling is that carbenoxolone, a 693 previously used MFA-related compound, has been reported to attenuate L-type calcium currents 694 in mRGCs (Bramley et al. 2011) . Finding reduced numbers of light-responsive cells in MFA 695 could also be attributed to the reduction of calcium currents. 696
To explore whether our MFA findings did indeed indicate coupling between mRGCs, we 697 used patch pipettes to inject 17 embryonic mRGCs with neurobiotin as a means of tracing gap 698 junction-mediated dye coupling to adjacent cells. Figure 10B shows an example of an mRGC 699 that was injected with neurobiotin. Three somas were neurobiotin-and EGFP-positive, indicative 700 of migration of the tracer from one GCaMP6-expressing mRGC to at least two other mRGCs 701 (stars). At least five other somas were neurobiotin-positive (red) but lacked EGFP 702 immunoreactivity. In summary, in 12 of 17 injections, at least one nearby mRGC cell was filled 703 with neurobiotin. The maximum number of dye-coupled mRGCs observed to be connected an 704 injected mRGC was 4. In 10 of the 17 injected mRGCs, the axons were filled with neurobiotin. 705
Neurobiotin also filled from 0 to 7 non-mRGCs that were identified by the absence of OPN4cre-706 driven EGFP or tdTomato from their cell bodies. We were often able to follow neurobiotin-filled 707 dendritic processes from the mRGC somas to the other dye-filled cells. These results provide 708 strong evidence that mRGCs are coupled to other mRGCs as well as to other classes of inner 709 retinal neurons in foetal mouse retinas. 710
Near here 712 713 714
Discussion 715
The photopigment melanopsin is expressed in a subset of retinal ganglion cells termed 716 mRGCs. Markers for melanopsin first appear in embryonic mouse and human retinas well 717 before birth (embryonic day 11.5 and gestational week 8.6, respectively). mRGCs in postnatal 718 retinas can be excited autonomously by light independently of visual inputs from rods and 719 cones, the canonical photoreceptors in the eye. We recently demonstrated that exposure of 720 pregnant females to light regulates the normal maturation of ocular vasculature in subsequently 721 born pups. Based on our finding that the deletion of melanopsin in the foetal pups phenocopied 722 darkness, we inferred that light stimulation of mRGC in the eyes of the foetuses modulates 723 vascular maturation. There have been no reports directly demonstrating that mRGCs in foetal 724 retinas are light-sensitive, raising some doubts about whether the ambient light in the mouse 725 colony in which the pregnant females were housed was sufficient to excite mRGCs in the eyes 726 of the foetuses. Here, using both intracellular calcium indicators and patch pipette recordings, 727
we show that foetal mouse mRGCs respond to light as early as E15.5, four days before birth. 728
We report further that foetal mRGCs share many of the phototransduction pathways that have 729 been previously identified in mRGCs in the retinas of postnatal animals. Pharmacological 730 experiments reveal that light responses are initiated by the coupling of light-activated 731 melanopsin to a G q/11 -G-protein cascade. We also show that calcium influx through L-type 732 calcium channels and cation influx through TTX-sensitive sodium channels boost the amplitude 733 of photoresponses. Electrophysiological recordings from individual embryonic mRGCs 734 demonstrated that these cells can respond to light as dim as 2.9 x 10 12 photons/cm 2 /s, providing 735 strong supportive evidence that the ambient light in rooms where the pregnant females were 736 housed is sufficient to excite mRGCs in foetuses. Additionally, we found that when the dye 737 (Nagy et al., 2018) . Electrotonic coupling between heterologous and homologous classes of 773 neurons is common in both mammalian and non-mammalian neural tissues. Moreover, it is 774 commonly found that electrotonic coupling is more prominent in the tissues of younger animals 775 (Walton and Navarrete, 1991, Kandler and Katz, 1991) . In the retinas of adult mice, electrotonic 776 coupling of mRGCs to other mRGCs seems to be absent [Müller et al. (2010) , Ecker et al. 777 (2010) ], but it is observed in younger postnatal mice (Sekaran et al. 2003; Arroyo et al. 2016) . In 778 the present study, we found electrotonic coupling between mRGCs. Additionally, we have 779 evidence for electrotonic coupling from mRGCs to heretofore-unidentified non-mRGC cell types 780 in the inner retinas of foetal mice. Electrotonic coupling between mRGCs and other 781 heterologous neurons raises the possibility that light exposure during foetal and early postnatal 782 maturation could excite neighbouring ganglion cells that project axons to the higher visual 783 centres. In postnatal animals, light deprivation produced by suturing shut the eyelid of one eye 784 disturbs the normal segregation of eye-specific targets in higher visual centres. This suggests 785 that light excitation of mRGCs in neonatal animals before the normal age of eyelid opening may 786 play a previously unrecognized role in retinotopic mapping in the higher visual centres. 787
Another notion drawn from the results presented here is that foetal light exposure might 788 play a role in the formation of ocular dominance columns in primates. Horton and his colleague 789 (Horton & Hocking, 1996) found ocular dominance columns in newborn macaques that were 790 delivered by Caesarean section and kept in total darkness for a week after birth. Horton and 791 Hocking argued that the formation of columns was genetically programmed based on the 792 assumption that there had been no light-induced activity in the retinas of foetal monkeys. Given 793 our findings in mice, it is worth considering the idea that ambient light might stimulate mRGCs in 794 embryonic monkeys and thereby play a previously unrecognized role in the formation of ocular 795 dominance columns. All cells exhibited dF/F > 0.05 under control conditions. The black dots indicate the lowest dF/F after a 1300-3100 s incubation in 1 mM FR900359 versus control dF/F for each cell. Prolonged incubation in 1 mM FR900359 reduced the average dF/F of the light responses to 4% ± 18% that of the control responses (n=219). The data are best fitted by the linear regression y = 0.03x (solid red line). These results are highly significant (Wilcoxon Signed Rank Test for paired data [two-tailed P = 2.01948e -028 for YM and even smaller for FR]).
Figure 5 TTX variably but reversibly reduces the amplitude of light responses across the population of embryonic mRGCs.
(A) We measured the action of TTX on the fluorescent light responses of GCaMP6expressing mRGCs in OPN4cre::Ai96 embryonic retinas. Combined data from 4 E16.5 retinas are shown. The criteria for selecting each cell were that dF/F in control ACSF was > 0.05 and that the response amplitude after TTX washout recovered to between 80% and 120% of the control value. The open circles plot the recovery dF/F versus control dF/F for each of the 177 light-responsive mRGCs. The solid blue dots plot dF/F in 1 mM TTX versus control dF/F for each cell. The black line (y = 1.00 x) indicates the best-fitting linear regression line through the recovery data and the origin 0,0. The blue line (y = 0.36 x) is the best-fitting linear regression line for the TTX data. The differences between the results obtained during TTX treatment and under control conditions are highly significant (Wilcoxon Signed Rank Test for paired data, two-tailed P = 1.01e -46 ). Plots of dF/F in LCD and recovery versus dF/F in control for 31 of 48 light-responsive cells in one retina in which the post-washout values recovered to between 80 and 120% of the control values. The dotted lines show the best linear regression that fits the data (y = 1.06x and y = 0.05x for recovery and LCD, respectively). The data from the 5 cells shown in (A) are shown as red circles. The Wilcoxon Rank Test for paired data yields a two-tailed P-value of 9.31323e -10 , indicating that L-cis-diltiazem at 25 mM highly significantly diminishes light responses in mRGCs.
Figure 7 The L-type calcium channel agonist FPL64176 increases light-evoked dF/Fs recorded from embryonic mRGCs.
A) dF/F in 2 mM FPL64176 versus dF/F in control for 147 mRGCs combined from 2 E16.5 OPN4cre::Ai96 retinas. The blue line represents the best linear regression fit: y = 1.51x. The black line represents the parity of response in control and FPL64176. The Wilcoxon Rank test for paired data yielded a two-tailed P-value of 1.17193e -32 , indicating that dF/F is very significantly larger during exposure of the mRGCs to FPL64176 than under control conditions. No recovery data are shown, as FPL washout is known to be very poor (Bieda and Copenhagen, 2004) . A-F show examples of TTX-sensitive currents recorded from an mRGC in an E18.5 retina (OPN4cre::Ai96) under voltage clamp conditions. A) Currents evoked under control conditions with the voltage clamp protocol shown in D. B) Currents evoked after several minutes in 1 mm TTX. C) Currents evoked after washout of TTX. D) Difference current, Control -TTX. E) Voltage clamp step protocol. F) The black dots indicate the maximum inward current for each trace from E versus the step potential (measurement of INa(V). To survey the amplitudes of peak Ina(V) across multiple cells in retinas of 3 different ages without applying TTX, we used an analytical method in which the final current sample of the voltage step in A was subtracted from the lowest current amplitude across the entire voltage step. These values, plotted as red dots, yield a good estimate of peak INa(V), as shown by comparison with the results obtained in TTX (black dots). G) Peak sodium currents in mRGCs during embryonic maturation. The dots indicate peak INa(V) estimates for 10, 35 and 7 mRGCs recorded from E16.5, E18.5 and P1-3 retinas, respectively. The vertical bars indicate the average ± standard error for each age (320 ± 73, 674 ± 72 and 1986 ± 153 pA, respectively). The data include whole-cell and perforated recordings and were not corrected for series resistance. In summary, these findings demonstrate that voltage-activated sodium currents are evident in mRGCs at least 4 days before birth and that the magnitude of these currents increases with age.
Figure 9
Light responses recorded from an mRGC in the retina of a foetal (E18.5) mouse pup.
To select mRGCs for electrophysiological patch pipette recordings, we first surveyed the retina for light-induced calcium responses, which should be restricted to melanopsin cells (OPN4cre::Ai96). Then, using infrared Nomarski imaging, we searched for lightresponsive mRGCs whose cell bodies were exposed on the inner surface of the retina. A and B show light-induced GCaMP6 increases in fluorescence in three cells. The images in A and B were obtained immediately after and 1.35 s after the onset of light stimulation, respectively. Although cells 1, 2 and 3 were light-responsive, the better-focussed cell 1 was targeted for electrophysiological recordings. C) Current clamp traces showing the responses of cell 1 to current injections to -15 and -5 pA from a holding current of -35 pA. The steps to -5 pA evoked repetitive spiking. D) Current-clamped light responses versus intensity from cell 1. The intensity of the 480-nm light stimulus, expressed as photons/cm 2 /s, is shown on the right. The bottom bar shows the timing of the light. The asterisks denote presumed spontaneous waves.
